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The way helix-turn-helix proteins recognize DNA is ana-
lysed by comparing their sequences, structures, and binding
specificities. Individual recognition helices in these proteins
bind to four DNA base pairs with the same geometry.
However, pairs of recognition helices in the protein dimers
can have different separations and orientations. These
differences are used for discriminating between DNAs
which have different superstructures, in particular, differ-
ent numbers of base pairs between sets of the four base
pairs.
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Introduction

Helix—turn-helix (HTH) is an extensively characterized DNA-
binding motif (Ohlendorf et al., 1982; Sauer ef al., 1982; Pabo
and Sauer, 1984; Pabo er al., 1990; Brennen, 1991; Ptashne,
1992). However, a number of important questions still remain
unanswered concerning its DNA recognition mode. In particu-
lar, there seems to be disagreement among scientists whether
HTH proteins recognize DNA by the same binding geometry
or not. Some scientists state that ‘the mode of interaction with
DNA can vary substantially’ (Wilson et al., 1992 ; see also
Matthews, 1988) and show that overall DNA-HTH protein
interactions look different from each other (see Figure 7.27 in
Branden and Tooze, 1991; Figure 4 of Stetz, 1993), while
others believe the same rules can explain the DNA-binding
specificity of HTH proteins generally (Kisters-Woike et al.,
1991; Lehming er al., 1991; Suzuki and Yagi, 1994). Also, if
HTH proteins recognize DNA by the same binding geometry,
the question arises why CAP bends DNA considerably (Schultz
et al., 1991), while other HTH proteins do not.

We address the above questions in terms of stereochemical
principles which govern DNA recognition by HTH proteins.
We show that individual recognition helices of classic HTH
proteins bind to DNA in the same way but that pairs of HTH
recognition helices can be combined in different ways in
dimers and that these differences are used for discriminating
between DNAs which have different superstructures. In particu-
lar we explain how CAP bends the DNA. In other words the
disagreement was caused by not separating the two different
levels of DNA recognition.

This analysis became possible by defining direct binding
sites (here each binding site is defined as the four base pairs
contacted by amino acid side chains) and recognition helices
(here each helix is defined as the two helical turns which
contact the DNA bases) appropriately and by describing the
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geometry of the two binding sites and that of the two
recognition helices precisely.

Materials and methods

The structures of HTH proteins and those of DNA-HTH com-
plexes, which have been determined by X-ray crystallography
or NMR, are listed in Figure 1. The geometry of pairs of
recognition helices relative to each other in a HTH dimer were
characterized by four ‘combination’ parameters (Figure 2).

(1) [—line ! is drawn connecting the centres of the two
recognition helices and the length of this line is parameter I.
The centre of each recognition helix is defined, as previously
(M.Suzuki and M.Gerstein, submitted), as the projection onto
the a-helix axis of the midpoint of a line connecting the Cg
atoms at residue positions 3 and 4 (see the numbering in
Figure 3).

(ii) &—parameter & measures the rotation around the recogni-
tion helix axis (Figure 2a). It is defined as 90°-8, in which 0
is the angle between line / and the line connecting the helix
centre to the Ca atom of position 4 when looking down the
helix axis. (Note, position 4 is occupied by a hydrophobic
residue that points in towards the protein.)

(iii)) w—parameter () measures the rotation of the two

recognition helices relative to each other around line / (Figure
2b and ¢). 2o is defined as the angle between the recognition
helix axes when looking down /.
(iii) e—parameter € measures the tilt of the recognition helix
relative to line / (Figure 2d). It is defined as the complement
of the angle between the recognition helix axis and line /,
projected onto a plane that contains line / and is inclined so
that it bisects angle 2, i.e. so that it lies at an angle ® from
each helix axis. More precisely, if the axes of the two
recognition helices are h; and A, and vector I lies on line { and
runs from helix 1 to helix 2, the normal to projection plane
will be I X (hy — h3).

We will make available electronically supplementary pic-
tures relevant to our calculations (e-mail address: mbg @hyper.-
stanford.edu or URL.: ftp://hyper.stanford.edu/pub/mbg/DNA/).

The parameters characterizing the DNA base pair steps—
helical twist, roll, etc.—were calculated using a computer
program developed by Babcock et al. (1993). The values
calculated by this program conform to the Cambridge code of
DNA parameters (Diekmann, 1989). The DNA in the CAP
structure has two nicks near its centre and so it was not
possible to use the program to calculate its base pair parameters
for the two middlemost steps.

Results and discussion

DNA recognition by individual HTH recognition helices

Three types of residues are arranged into a HTH recognition
helix. The residues in a HTH recognition helix have three
different functional roles: (i) some residues contact DNA bases
(these are important for the binding specificity), (ii) some
residues contact DNA phosphates (these fix the binding geo-
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HTH proteins

Resolution| R factor|DNA PDB codd reference
AR 3.2 0.22 - | --- Pabo and Lewis, 1992
AR 1.8A 0.19 17 1LMB Clarke et al.,b1991
AR 2.5A 0.24 20 -—- Jordan and Pabo, 1988
AC 2.84 0.45 --- | 1cro Anderson et al., 1981
AC 3.9A 0.50 17 4CRO Brennan et al., 1990
434R | NMR —-——— -——— 2PRA Neri et al., 1992
434R |2.0A 0.19 ---"| 1R69 |Mondragén et al.,1989%
434R [3.2A 0.30 18 -—- Anderson et al., 1987
434R |[2.5A 0.18 20 20R1 Aggarwal et al.,1988
434rR |2.5A 0.19 20 1PER Rodgers and Harrison, 1993
434R |2.5A 0.21 20 1RPE Shimon and Harrison, 1993
434C |2.4A 0.20 --- | 2CRO |Mondragén et al.,1989a
434C |3.2A 0.27 14 -—- Wolberger et al., 1988
434Cc |[2.5A 06.22 20 3CRO Mondragén and Harrison, 1991
CAP 2.5A 0.21 --- | 3Gap Weber and Steitz, 1987
CAP 3.0A 0.24 31 1CGP Schultz et al.,1991
BirA [2.3A 0.19 --- | 1BIA Wilson et al.,1992
Bira |[2.34 0.19 ---- | 1BIB Wilson et al., 1992
P22R NMR - -——- 1ADR Sevilla-Sierra et al., 1994
Hin 2.3A 0.23 14 1HCR Feng et al., 1994
LacR |NMR ~—- 11 1LCC Chuprina et al., 1993
TetR [2.5A 0.20 - | -—- Hinrichs et al., 1994
FIS 2.0A 0.25 --- | 1F1IA Kostrewa et al.,1991
FIS 2.3A 0.18 --- | 3FIS Yuan et al., 1991
Octl POU
NMR ~-- -— -—- Assa-Munt et al., 1993
NMR ~—- -—-- -——- Dekker et al., 1993
3.0A 0.24 15 10CT Klemm et al., 1994
HTH related
ype 2
TrpR [1.8A 0.20 --- | 3wrpP Zhang et al., 1987
[~trp]
TrpR [2.2A 0.20 --~ | 1WRP Schevitz et al., 1985
(+trp]
TrpR |1.7A 0.18 --- | 2WRP Lawson et al., 1988
[+trp]
TrpR |1.9A 0.17 19 1TRO Otwinowski et al., 1988
TrpR | 2.4A 0.22 19 |1TRR Lawson and Carley, 1993
type 3
Engl |[2.8A 0.23 21 1HDD Kissinger et al., 1990
Mato2 [2.7A 0.27 21 --- Wolberger et al.,1991
Antp |NMR -—- 14 1AHD Billeter et al., 1993
Octl homeo
13.0A 0.24 15 10CT  |Klemm et al., 1994
type 4
LexA NMR -——- -—- 1LEA Lamerichs et al., 1989
Myb NMR --- -—— 1MSE Ogata et al., 1992
type S5
HNF3 [2.5A 0.21 13 - Clark et al., 1993
HSF 1.84 0.19 --- | 2HTS Harrison et al., 1994

Fig. 1. Listing of crystal and NMR structures of HTH (top) and HTH-related (bottom) proteins. The number of base pairs in complexes with DNA is shown
in the ‘DNA’ column. All coordinates were taken from the Protein Data Bank (Bemstein er al., 1977).

metry) and (iii) the others face away from the DNA and thus
can interact with the rest of the protein (these do not interact
with the DNA but limit the rotation of the recognition helix).

We number the positions so that the hydrophobic residue
(of type C) which is most important for packing against the
preceding helix lies at position 4 (Figure 3). Positions 7 and
8, which are on the same phase as 4, are also often occupied
by hydrophobic residues (i.e. type tii). In the crystal and NMR
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structures of the 434 cro protein (434C), the 434 repressor
(434R), the A repressor (AR), the Lac repressor (LacR), CAP
and the Hin recombinase (Hin), residues at positions 1, 2 and
6 contact DNA bases and are classified as of (i). Position 5
also faces the DNA bases (i); however, the distance to the
DNA bases from this position is larger and thus the contacts
it makes are weaker and less frequent (see legend for Figure
4). Positions —1 (which is N-terminal to the recognition helix)



Fig. 2. Definition of ‘combination’ parameters for describing the relative
orientation/separation of two recognition helices in a HTH dimer. The figure
shows how these four parameters are related to features of the DNA
superstructure: / to the spacing number, & to the concave/convex curvature,
 to the twist and € to the left/right-handedness of the DNA superhelicity
(see text). (a) Parameter 8. The position of amino acid 4 is shown (aa4).
(b) and (c) Parameter . In (c) one is looking down the DNA axis while in
(b) one 1s looking perpendicular to it. (d)-(f) Parameter £. When € and 8
have the same sign, these create a left-handed superhelix of DNA (e).

and 9 are often used for phosphate-contacting (i.e. type ii).
Position 3 is sandwiched between a type (i) residue at position
2 and a type (iii) residue at position 4. It is very close to the
sugar—phosphate backbone of the DNA and is occupied only
by one of the small residues, Gly, Ala, Ser, Cys and Thr;
position 3 is regarded as being of type (ii).

The above way of combining the three types of residue
positions into a single helix is kept the same among the
HTH proteins (Figure 3) and this produces the DNA-bindng
geometry specific to the HTH proteins.

The Trp repressor (TrpR) binds to DNA in a different way.
It is discussed separately later in this paper.

Contacts between amino acid side chains and DNA bases fall
into the same pattern. For understanding the binding specificity,
contacts between DNA bases and type (i) residues in the
crystal and NMR structures were further analysed. These
contacts can be summarized into ‘charts’; each chart is a
schematic sketch of the DNA major groove to which the
recognition helix binds [Figure 4a—f and |; see Figure 5b for
the Watson(W)—Crick(C) notation for the two DNA strands,

DNA recognition by HTH proteins

the 5’3" direction of the strands and the N to C direction of
the recognition helix in the centre]. We found that the contacts
in the 434C, 434R, AR, LacR, CAP and Hin structures fall
into a common pattern (Figure 5b).

By using the pattern of base-residue contacts deduced from
the crystal and NMR structures it is now possible to examine
the DNA-binding specificity of other HTH proteins, of which
the DNA complex structures are as yet unknown (Figure 4);
the structures of P22R, TetR and FIS have been determined
only in the absence of DNA, A cro (AC) has been crystallized
in the presence of DNA but the resolution of the structure is
not very high and Lehming er al. (1991) have listed DNA-
binding specificity of many other HTH proteins of which the
structures are unknown but their sequences are undoubtedly
of the HTH fold. For this analysis understanding of two
fundamental aspects of DNA-protein interactions are
important.

First, the 20 amino acid residues can be classified into four
groups, according to their shape and size (Suzuki, 1994):
small, medium, large and aromatic. An amino acid side chain
contacting a nucleotide base is, obviously, most easily replaced
by one of similar size and shape. If, however, it is replaced
by one of different size, it may contact nucleotide bases at
different positions. Therefore, the pairings of residue and base
positions in the stereochemical chart must be understood with
specification of the size of the residue (Figure 5b).

Second, any contact between an amino acid side chain and
the major groove side of a DNA base involves hydrogen
bonding or hydrophobic interaction. Thus, possible pairings
between the four bases and the 20 residues can be listed (‘the
chemical code’ in Figure 5a; see also Suzuki, 1994). Some
residues bind exclusively to one or two of the four nucleotide
bases (the specific partners). For example, Ala has a methyl
group and can interact only with the T base strongly, the single
base having a methy! group in the major groove. But residues
such as Ser can bind to any DNA base (the non-specific
partners).

The DNA-binding specificity of the examined HTH proteins
can be explained very well (Figure 4) by using the same base—
residue contacting pattern deduced from the crystal/NMR
structures (Figure 5b).

Local DNA-binding geometries of HTH recognition helices
are the same. The same arrangement of the three functional
positions in the HTH recognition helices and the common
base-residue contacting pattern suggest that the same DNA-
binding geometry is adopted by the HTH recognition helices.
Indeed, we have compared the DNA-binding geometries of
HTH recognition helices using their crystal and NMR coordin-
ates (M.Suzuki and M.Gerstein, submitted) and found that
HTH recognition helices bind to the DNA with essentially the
same local geometry. These helices binding to DNA is not
parallel to the DNA major groove but approximately perpendic-
ular to the DNA helix axis (Figure 6a).

Combination of the two recognition helices, which imposes a
particular DNA superstructure

Spacing differences make DNA-protein interactions different
as a whole. Most HTH proteins form dimers and thus pairs of
recognition helices bind to the same DNA. Since we have
identified the four base pairs contacted by individual HTH
recognition helices (i.e. the ‘direct binding sites’ shown in
Figure 4), the differences in combining pairs of direct binding
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HTH proteins

HTH related

‘helix turn (recognition)helix

-------- -— +H+ttb+++

11000000 000 000000000

10987654 321 123456789
conserved

Q* Vs V GV sV vV
434R | QAELAQKV GTT QQOSIEQLEN
434C | QTELATKA GVX  QQSIQLIEA
AR QESVADKM GMG  QSGVGALFN
AC QTKTAKDL GVY  QSAINKIAH
CAP RQEIGEIV GCS  RETVGRILK
LacR | LYDVARLA GVS  YQTIVSRVWN
GalR | IKDVARLA GVS  VATVSRVIN
MalR IHDVALAA GVS  VSTIVSLVLS
RafR | LKAIATTL GIS VTIVSRALG
DeoR | LKDVAALL GVS  EMIIRRDLN
P22C | QRAVAKAL GIS DAAVSOWKE
P22R | QAALGKMV GVS  NVAISCWER
16-3R| QAELARRV GQS  QQAINNLEA
BirA | GEQLGETL GMS  RAAINKHIQ
Hin RQQLAIIF GIG  VSTLYRYFP
CamR | YHHYGDLQ GLH KAAIDETYR
TetR | TRKLAQKL GVE  QPTLYWHVK
FIS QTRAALMM  GIN  RGTLRRKLK

o o PR

Octl POU

LEQFAKTF~~~— helix 3

helix 1 = =~~=-- ?uxsxrm

L

type 2
helix turn helix
TrpR QRELKNEL GAG IATITRGSN
o r '1'00
type 3
helix turn helix
Antp RRRRIEIAHAL SLT ERQIK IHWF ONRRMKWKK
Mata2 | TKGLENLMKNT SLS RIQIKNWVSNRRRKEKT
Engl ERRRQQLSSEL GLN EAQIKIWF ONKRAKIKK
Octl homeo
SEEITMIADQL NME KEVIR VWF CNRRQKEKR
oo o192 3
type 4
helix turn helix
LexA RAEIAQRL GFR SPNAAEEHLKALARKG
Myb WAEIAKLL PGR , TDNAIXKNHWNSTMRRK
o o :{ﬁg‘C%
type 5
helix turn helix
HNF3 LSEIYQWIMDLFP YYR-E NQQRWQONSIRASLSFN
HSF RERFVQEVLP KYFKHS NFASEFVRQLNMYG

Fig. 3. Sequences of the recognition helices in HTH (left) and related (right) proteins. The residues in a recognition helix can be divided into three types:

(i) (facing bases), (ii) (contacting phosphates) and (iit) (facing away from the DNA and packing into the protein). Known or predicted type (i) residues are
shown in italic, while known or predicted type (ii) residues in the recognition helices are underlined. Type (iii) residues, which are shown in bold, are usually
hydrophobic though they can also be Gln, which contacts another Gln (Pabo et al., 1990). Certain key conserved positions are indicated: those which are
consistently occupied by hydrophobic residues (V), those by hydrophobic or Gln (Q*), those by Gly (G) and those by small residues (S), i.e. Gly, Ala, Ser,
Cys or Thr. In the proteins listed here, parts of two turns in the recognition helices, which are on the same phase and parts of two turns in the preceding
helix, again on the same phase, are occupied by hydrophobic residues. These are marked with open arrows. Up to three turns (marked with 1, 2 or 3) are

used for base recognition.

sites into the same DNA can be described (Figure 5¢) in terms
of two parameters.

(i) The number of base pairs inserted between the two direct
binding sites, i.e. the number of ‘spacer’ base pairs, n, (while
the ‘spacing’ number, N, is defined as the number of base
pairs between the centres of the two direct binding sites; N is
equal to n + 4).

(i) The direction of the two binding sites relative to the
centre of the spacer; this is the same as the N-C direction of
the recognition helices relative to the centre of the DNA; if
the C-terminus is closer to the centre, the direction is referred
to as S, otherwise as SN.

The ways the direct binding sites are arranged in the same
DNA and the ways the two recognition helices are combined
in the dimers vary between the different HTH proteins. This
is the main reason why the overall DNA—protein interactions
are different, while the local binding geometries are similar.
EbgR and GalR are predicted to recognize the same four base
pairs in the direct binding sites, TTAC, but with different
spacings (n = 3 for EbgR and n = 4 for GalR). For such
discrimination, the spacing differences in the DNAs and the
combination differences in the dimers are essential.

Combination parameters can be related to the DNA superstruc-
ture. DNA is not necessarily straight but can be curved.
Therefore, even with the same number of spacer base pairs
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different superstructures can be constructed. CAP, 434C and
434R bind to DNA of exactly the same spacing type (i.e. S,
n = 6), but the DNA which is binding CAP is sharply bent,
while those binding 434C and 434R are straighter (Figure 6b).

If the C, atoms in one of the two recognition helices in
CAP are overlapped exactly onto those in one of the helices
in 434C, one will notice that the DNA-binding geometry of
the overlapped helices relative to the local DNA is very similar
(boxed in Figure 6b). However, the non-overlapped helices in
the two proteins are positioned rather differently.

The degree to which positioning of the two recognition
helices can change a DNA superstructure is limited, e.g. the
distance between the two recognition helices cannot be much
larger than 3.4 AXN, but within the limitation the DNA
superstructure can be imposed by the positioning of the two
recognition helices.

We have characterized the combination of pairs of recogni-
tion helices in the crystal/NMR structures (Figure 5d) with the
four parameters, I/, 8, € and ® (described in Materials and
methods and Figure 2). (Note that some HTH proteins such
as 434C dimerize only in the presence of DNA so the
parameters cannot be calculated for these proteins in the
absence of DNA.) Since the local DNA-binding geometry of
a HTH recognition helix is kept the same, these parameters
can be directly related to the characteristics of the DNA
superstructure (Figure 2).
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Fig. 4. Contacts between nucleotide bases and amino acid side chains. The
figure is drawn in the same way as Figure 5(b). (a)«f) and (1) Contacts
found in crystal and NMR structures. (g)—<(j) Contacts predicted for HTH
proteins, for which only a structure without DNA is currently known. The
structures of the other proteins have not yet been determined. The binding
sequences of these proteins on DNA are known (taken from Lehming et al.,
1991; Wissmann e al., 1991; Saenger er al., 1993), although the core four
base pairs and the N to C direction of the helices relative to DNA are
predicted here according to the recognition rules. Gin(aal) of the Deo
repressor cannot bind to T(C1) by a hydrogen bond (j). However, its stem
may contact the methyl of T by a hydrophobic interaction. In (a)«(f) and (1)
the contacts found in the crystal and NMR structures are shown with solid
lines. The dashed lines show contacts that are just beyond the usual
thresholds for hydrogen bonds or hydrophobic interaction. In the others the
solid and dashed lines are used as the same way as in Figure 5(b). Those
which are ‘specific’ (see Figure 5a) are marked with a circle.
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smali[medium [ Targe aromatic
ACy:.SuAA:; gtn Tyr 3(W1W2W3W4/|s
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val _ |Asp ' TyrPhe im sLlm) 1
Clk t|fre [Gin L N 7
v 11: LeumMet
5/[C1|C2|C3|C4|s
Direction Spacer (n) Spacing (N) Protein
2 6 RafR, TetR
st 3 7 EbgR, MalR
st 4 8 LacR, GalR
st 5 9 FIS
st 6 10 DeoR, 16-3R
st 6 10 CAP, 434C, 434R
st 7 11 AR, AC
st 8 12 CytR
st 10 14 P22C,P22R
PDB DNAld(M) | w(®) | €¢°) 5¢%) n_|N
(AR 1LRP | - |35 +17 -42 +62 -— |-
AR 1IMB | + [34 +22 -7 +11 +7 f+11
434R | 20R1 | + |28 +12 -9 +3 +6 [+10
434R | 1PER | + |28 +13 -8 +6 +6 |+10
434R | 1RPE + 28 +13 -10 +7 +6 |+10
434c | 3cro | + |28 +13 -6 +7 +6 [+10
CAP 3GAP | - |29 -20 +11 +5 ———]---
CAP wcep | + |31 -8 +23 +15 +6 |+10
FIS 1IFIA | - [24 +29 -6 +6 -] -
FIS JFIS | - |24 +29 -5 +1 ===

Fig. 5. (a)(c) DNA recognition rules and (d) combination parameters of
HTH proteins. (a) The size and DNA base-binding specificity of amino acid
residues can be summarized in the chemical code table. Specific partners
(see text) are shown 1n bold. (b) Contacts between DNA bases and the
recognition-helix residues can be summarized into a stereochemical chart.
This is essentially a schematic sketch of the part of the DNA major groove
to which the recognition helix binds. W and C, the Watson(W) and the
Crick(C) strands. s, m and 1, the size of residues used for the contacts, small
(s), medium (m) and large (1). Solid lines show the contacts frequently
observed 1n the crystal and NMR structures. Dashed lines show contacts
observed rarely or which have distances that are slightly beyond
conventional defimtions of hydrogen bonding or hydrophobic interaction.
These latter contacts still might be important for the binding specificity. For
example, it has been strongly argued that Ala(aa6)-T(W4) contact is
important for DNA discrimination by AR but the distance in the crystal
structure is slightly beyond the normal threshold for hydrophobic interaction
(see Ptashne, 1992). (¢) The spacing between binding sites in HTH proteins.
The number of DNA bases between the two direct binding sites (spacer n
and spacing N) and the 5 to 3’ direction of direct binding site relative to
the 2-fold symmetry axis (direction) are shown. The 5’ to 3’ direction of
CAP and 434R is referred as to *S™', while the opposite is ‘S, The spacer
base number (n) 1s defined as that between the two direct binding sites, each
of which is composed of four base pairs, while the spacing number (N) is
defined as that between the centres of the two direct binding sites.
Consequently, N = n + 4. (d) Values of the combination parameters
calculated from the crystal structures. The spacer (n) and spacing (V)
numbers are also shown. The values for € and & are averaged over the two
helices in each HTH protein.

Parameter / can be related to the ‘N’ spacing between the
two binding sites. / must be shorter than 3.4 AXN. When N =
11, 1 is 34 A (AR) and when N = 10, [ is 28-31 A (434R,
434C and CAP).

Parameter § can be related to the concave/convex curvature
of the DNA towards the protein. If § is positive, the DNA is
convex and if it is negative, the DNA is concave (Figure 2d).
In other words, when 8 is positive the protein is placed inside
the DNA superhelix, whereas when it is negative, the protein
is placed outside.
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Fig. 6. DNA-binding by HTH proteins. (a) DNA-binding by 434C (PDB code, 3CRO). The four base pairs contacted by one of the two monomers (A) 1s
highlighted in bold. Note that the recognition helices run perpendicular to the axis of the DNA double helix. The DNA major groove is marked M.

(b) Different ways of combining two recognition helices in 434cro (3CRO, shown with solid lines) and CAP (1CGP, shown with dashed line). Note that
although the overall bindings of CAP and 434C are very different, the local binding geometry of the overlapped helices 1s very similar (indicated by the box).

Parameter @ can be related to the helical twist of the DNA
(Figure 2b and c). If @ is positive, the DNA is more twisted
between the two binding sites and if it is negative, it is less
twisted or untwisted.

Parameter € can be related to the handedness of the superhel-
icity of the DNA (Figure 2d-f). If € and 8 have the same sign,
the DNA superhelix is left-handed (Figure 2e), while if these
have opposite signs, the DNA superhelix is right-handed.

CAP and FIS induce different DNA superstructures. The
combination parameters calculated for CAP are distinctively
different from those of the other structures (Figure 5d). In
particular, € is positive and large, while the other structures
have negative €. Together with the positive and large value
for 8, this value of € implies that CAP induces a left-handed
superhelical structure onto DNA, placing the protein inside
the superhelix (Figure 2e). Parameter ® is negative in CAP
and positive in the other HTH structures. This implies that
CAP untwists the DNA and, indeed, the average helical twist
between the centres of the two direct binding sites in the CAP
structure is found to be 30° per base pair, while in the other
three structures (DNA-AR, DNA-434C and DNA-434R) it is
34-35° (Figure 7).
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FIS has been crystallized only in the absence of DNA but
DNA-FIS complexes have been modelled (Kostrewa et al.,
1991; Yuan et al, 1991). By examining changes in the
parameters of CAP and AR upon binding to DNA, the degree
to which the parameters of FIS change upon DNA-binding
may be estimated to be small. Distance ! of FIS, 24 A,
is smallest among the HTH structures. Thus, the spacing
(characterized by numbers n and N) is expected to be smaller
for FIS than for the other structures (i.e. n = 5, N = 9 for
FIS). This prediction coincides with the models (Saenger
et al., 1993).

Parameter @ of FIS is the largest among those calculated.
This implies that when FIS binds to DNA, it probably twists
the DNA more. This can be significant, because the spacing
of FIS (n and N) is predicted to be even smaller than those of
the others. Thus, the DNA superstructure imposed by FIS is
expected to be different from that induced by CAP.

Two TG/CA steps which adopt a distinctive conformation upon
binding CAP

For an understanding of the structural features of DNA which
are important for inducing a particular superstructure to follow
a protein surface, we have calculated the six parameters at
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Fig. 7. (a)~«(d) Helical twist and (e)~(h) roll of each base pair step in CAP (a and e), 434C (b and f), 434R (c and g) and AR (g and h). The parameters were

calculated using crystal structures of DNA-CAP (1CGP), DNA-434R (20R1), DNA-434C (3CRO) and DNA-AR (ILMB). The DNA in the CAP structure has
nicks at two positions, consequently, the plots have discontinuities marked by vertical lines. In each direct binding site, the four consecutive bases interacting

with the recognition helix are shown boxed and the the TG/CA sequences are marked with arrows.

each base pair step: helical twist, roll, tilt, shift, slide and rise
in the complex with CAP (1CGP), 434R (20R1), 434C (3CRO)
and AR (1LMB) (Figure 7).

We found that the DNA bending by CAP is achieved by
untwisting and rolling of the TG/CA steps at the centres in
the two direct-binding sites (Figure 7a and e). The rolling,
which opens the steps on the major groove side, bends the
DNA by ~40° (Schultz er al., 1991) at each step, while
untwisting introduces left handedness into the overall DNA
superhelix (Figure 8b).

The POU domain of Oct-1 binds to a sequence which has
the same TG/CA step at the equivalent position. Although the
full details have not been published, Oct-1 POU bends the
DNA, again by ~40° (Klemm et al., 1994). Other crystal
structures of HTH proteins (434C, 434R and AR) have TG/
CA steps in their direct binding sites but not at the equivalent
position with the same orientation as in the CAP structure.
These DNA structures are not bent as sharply as the CAP
structure. However, although the changes are much smaller

and insignificant, the TG/CA steps in 434C, 434R and AR do
have a tendency to untwist and roll (marked with arrows in
Figure 7).

As shown in Figure 8(a), the untwisting and the rolling can
be explained as part of one overall movement in the TG/CA
steps. Two important characteristics of a TG/CA step can
explain why it, rather than other sequences, particularly facilit-
ates this untwisting and rolling.

First, a HTH recognition helix is closest to base pairs 2 and
3 in the binding site (Figure 6a). The recognition helix axis
runs approximately perpendicular to the DNA helix axis and
approximately parallel to the edges of base pairs 2 and 3 on
the major groove side. The shape of two consecutive base
pairs on the major groove side is dependent on the base
sequence (Figure 9a and b). The pyrimidine bases (T and C)
are bulkier towards the major groove than the purine bases (A
and G). The T base is especially bulky (Figure 9¢ and d). As
a consequence, the edges of the two base pairs in pyrimidine—
purine steps (TG/CA, TA, CG) open widely on the major
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Fig. 8. Untwisting—rolling of the TG/CA step upon binding CAP. (a) How a
base step can be untwisted and rolled. The sugar—phosphate backbones are
closer to the DNA minor groove. The backbone lengths are larger than the
stacking distance of the two base pairs, which makes DNA helically twisted
(top). When the two base pairs are untwisted the rise increases (middle).
However, a high rise is not appropriate for base stacking. One way of
improving the stacking is to move the bases closer on the major groove side
by rolling the base step (bottom). The DNA base pairs are looked at from
the minor (m) groove side. (b) How the untwisting and the rolling of the
two TG/CA steps in the direct binding sites are combined to bend the DNA
by CAP. Compare this figure with Figures 2(e) and 6(b). (c) The interbasc
pair hydrogen bond that facilitates the untwisting and rolling of TG/CA step
in the complex with CAP (1CGP). The hydrogen bond is made between the
N4 of C and the 04 of T. The step is looked at from the major (M) groove
side.

groove side (Figure 9a). The untwisting—rolling appears to be
a consequence of the TG/CA step for better following the
recognition helix. That is, the untwisting aligns the edges of
the two base pairs closer and more parallel to each other so
that these can accept the straight a-helix (Figure 8b) and this
facilitates the rolling (Figure 8a).

Second, the untwisting-rolling of the step seems to be
stabilized by an inter-basepair hydrogen bond on the major
groove side between T and C (Figure 8c; although this
hydrogen bond was not mentioned in the original paper, we
have identified it using the crystal coordinates). Such an inter-
basepair hydrogen bond can be made only when T and G,
which have hydrogen bond acceptors on the major groove
side, are placed on the same DNA strand and A and C, which
have hydrogen bond donors, are placed on the other DNA
strand. TG/CA is one of the four such possible combinations:
TG/CA, GT/AC, TT/AA and GG/CC. Thus, a TG/CA step is
the only step which has both features; it is a pyrimidine—
purine step and T and G are placed on the same side.
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HTH fold and the recognition helix

A recognition helix cannot be totally independent from the
protein fold to which it is incorporated, but the protein fold
and the type of a recognition helix do not have a simple one-
to-one correspondence. The HTH protein fold can adopt at
least five different types of recognition helices (Figure 3).
Obviously the first type has been decribed in detail above.
This type can be incoporated into another protein fold, that of
the POU domain (Figure 41; note that the contacting pattern
of POU is the same as that of other HTH proteins of this type).

The second type of recognition helix is that of TrpR. This
type cannot adopt the same binding geometry as the first type,
since positions 5 and 6 are part of a pocket holding the co-
factor, tryptophan, (these positions are regarded as being of
type iii) and, thus, cannot face the DNA bases as in the first
type (which are regarded as being of type ii).

The third type of recognition helix is the probe helix type
found in homeodomains. In this type the positions used for
contacting the DNA bases are shifted to the C-terminus
compared with those in a classic HTH recognition helix (Figure
3). It has some basic residues which contact DNA phosphates
at the C-terminus. As a consequence, a homeo helix adopts a
different DNA-binding geometry (Suzuki, 1993, 1994;
M.Suzuki and M.Gerstein, submitted).

The fourth type of recognition helix is found in the transcrip-
tion factors Myb and LexA. The structure of the third DNA-
binding domain of Myb (Ogata et al., 1992) and the DNA-
binding domain of LexA (Fogh er al, 1994) have been
determined by NMR and these have the HTH fold. The
sequences, structures and DNA-binding modes predicted from
biochemical experiments of the two proteins are very similar
(Suzuki, 1995).

The fifth type of recognition helix seems to be that found
in HNF3 and heat shock factor (HSF). These proteins can be
grouped into the ‘winged helix’ family (Clark et al., 1993).
Although the term, the winged helix family, was originally
used for a larger group which included CAP and the homeodo-
main, here we use it for a smaller group.

Conclusion

In this paper we have discussed three major aspects of DNA-
HTH protein interactions: (i) that individual recognition helices
of classic HTH proteins bind to DNA in the same way, (ii)
that pairs of HTH recognition helices can be combined in
different ways in dimers and (iii) that these differences are
used for discriminating between DNAs which have different
superstructures, in particular, different numbers of base pairs
between the two direct binding sites.

The DNA-binding mode of a recognition helix is more
loosely related to the overall protein fold than was once
expected. Consequently, when the term HTH is used, it should
be specified whether it is being used to denote the particular
protein fold or the particular type of recognition helix (in this
paper it usually means a protein which has the HTH fold and
a recognition helix of the first type). Such specification will
clear up much of the confusion created by the complication.
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DNA recognition by HTH proteins

Fig. 9. (a) and (b) Features of DNA used for bending by CAP. The size of the opening of two consecutive base pairs towards the major groove (M) 1s
dependent on positioning of the purine and pynimidine bases. If the helical twist is kept the same, a pyrimidine—purine step (TG/CA in a) creates the major
groove narrower than that made by a purine-pyrimidine step (AC/GT in b). The edges of the two base pairs in TG/CA are rotated from each other by ~60°,
while those in AC/GT by ~20°. (c) and (d) The differences in opening in (a) and (b) can be understood by the fact that the pyrimidine residues, especially T,
project bulky groups towards the major groove. These bulky projections are particularly evident if one draws tilted lines connecting the chemical features on

the major groove side of the DNA bases
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Note added in proof

The crystal structure of the PurR-DNA complex has been determined recently
[Schumacher et al. (1994) Science, 266, 763-770). The residue-DNA base
contacts found within this structure fall into the pattern described in this paper.
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